The failure of a tailing dam occurs due to damage to the particles' micro-structure. Understanding the deformation characteristics of the particle' micro-structure is important for understanding the mechanics of instability in tailing dams. In our study, a series of experiments was conducted using a testing apparatus for micro-mechanics and the deformation of tailings from the Huangcaoping tailing pond, Sichuan Province, China to investigate the loading capacity, micro-structure and deformation features of tailing particles. The latter two were analyzed quantitatively using concepts from fractal geometry. The results demonstrate that: (1) the structural loading capacity of tailings increases first and then decreases slightly with increasing particle size; (2) the particle micro-structure of the four tailing samples from the Huangcaoping tailing pond is described in terms of the fractal dimension based on the perimeter and area (D-value), which is between 1.288 and 1.533; (3) as the axial stress increases, the D-value gradually decreases along a wavy line with a decreasing rate of change; (4) under the same axial strain, the D-value first
Introduction
When a greater than critical amount of stress is applied to soil, the soil deforms over time. One of the major factors affecting this deformation is the soil's structural strength [1, 2] . The structural strength is closely related to the soil's micro-structural features, such as the size, shape, orientation and aggregation of the soil particles [3] . Essentially, the macro-structural instability of the soil reflects the accumulated deformations of its microstructure [4] . Therefore, to investigate the relationship between deformation and the structural strength of a soil, some researchers have suggested taking a microscopic view [5] . Micro-deformations of soil include structural changes in particle aggregation and changes in the shapes of individual particles. The former changes occur when particles move or rotate and the latter changes are caused by compressive, shear and tensile stresses [6] . Fractal geometry is useful for describing mutability, roughness and self-similarity [7] and has privileged connections with non-extensive statistical mechanics [8] . Concepts from fractal geometry have been widely used to describe complex natural phenomena, including the mechanics of rocks and soils [9] [10] [11] [12] [13] [14] [15] [16] [17] . The sizes of particles resulting from comminution are properly described by a fractal size distribution [18, 19] , which leads to a power-law slope in a double-logarithmic plot. The fractal dimension of the particle size distribution (PSD) decreases as the sand content increases [20] . High PSD fractal dimensions are usually attributed to abrasive processes related to large strains or high strain rates [21] . The fragmentation fractal dimension increases with the degree of breakage [22] . To summarize, fractal geometry has been widely used to study soil particle size distributions, but very little research into soil micro-structures has been performed.
The tailing dam addressed in this study is constructed from tailings and built on a tailing beach [23] . The effect of gravity on the superstratum of this tailing dam could cause changes in the micro-structure of the tailing beach. Once the deformation of the tailings' micro-structure reaches a critical point, the tailing dam may break down. However, the size, shape and physical and chemical properties of tailings are quite different from those of soil [24] . Therefore, it is necessary to study these properties quantitatively with the aid of fractal geometry, a technique that has been successful in soil research. Unfortunately, few researchers have studied the micro-structural characteristics of tailing particles [25] . In the present work, a series of experiments was performed using a "testing apparatus for micro-mechanics and deformation of tailings" to investigate the loading capacity characteristics, micro-structure and deformation features of tailing particles. This research is highly important for understanding the mechanisms of tailing dam failure.
Theoretical Basis: Fractal Geometry
The profile of a tailing particle, which is a rough, closed, irregular pattern, can be described using the notions of perimeter and area in fractal geometry [26] . The perimeter and area of a shape in two-dimensional space are related to one another by a power law. The exponent of this power law is associated with, but does not necessarily provide, an unbiased estimate of the fractal dimension based on the perimeter and area (D-value) [27] . For a regular pattern, the perimeter (P) is proportional to a measurement ( ε ), and the area (A) is proportional to the square of this measurement ( 2 ε ). Thus, the relation of P and A can be expressed as:
Mandelbrot noted that it is reasonable to use the fractal perimeter and area when describing an irregular perimeter and area in two dimensions [28] . Therefore, Equation (1) can be rewritten in terms of the measurement ( ε ) as:
where (ε)
P

and (ε)
A are the perimeter and area, respectively, in terms of the measurement ( ε ), and 0 a is a constant that is related to the shape of the pattern. D is the fractal dimension of the pattern. Equation (3) is obtained by taking the logarithm of Equation (2):
are graphed in Cartesian coordinates, a linear relationship indicates that the pattern has fractal characteristics; the slope of the straight line is its D-value. To reduce the tedious process of defining ε , the pattern is assumed to have statistical self-similarity. Therefore, the approximate perimeter (P) and area (A) of a particle can be calculated from a specific measurement ( ε ), and thus, Equation (3) reduces to Equation (4) when the measurement ( ε ) is regarded as "one" [29] :
Thus, a straight line can be obtained by fitting lg P and lg A in Cartesian coordinates, and the fractal dimension (D-value) can be calculated using Equation (5) [30] :
where K is the slope of the best-fit line.
Equipment, Materials and Methods
Equipment
A "testing apparatus for micro-mechanics and deformation of tailings" (Figure 1 ) [4] was employed in the tests. The experimental apparatus measures the deformation of the tailings' micro-structure and the motion of the tailing particles in different stress fields, with the aim of revealing the deformations of the tailings' micro-structure under the gravitational force of tailings farther up in the dam. The experimental apparatus consists of a testing machine, a pressure vessel and a microscopic observation system. A structural diagram of the apparatus is shown in Figure 2 . The main technical indexes of the apparatus are given in Table 1 
Materials
Four types of iron tailings with different particle sizes, which were labeled I, II, III and IV, were collected from the tail of the crest of the Huangcaoping tailing pond dam belonging to the Pingchuan Iron Co. Ltd. in Yanyuan County, Sichuan Province, China. The dry density was 1.35-1.37 g/cm for Sample IV. The moisture content was 8.36%-8.78% for Sample I, 8.54%-8.98% for Sample II, 9.02%-9.78% for Sample III and 9.57%-10.02% for Sample IV. These values were obtained by in situ testing when we collected the samples. All of the samples were dispersed to single particles with an ultrasonic cleaner, and then, their particle sizes were determined using an S3500 light-scattering particle size analyzer made by Microtrac Inc., Montgomeryville, PA, USA. The tailings' PSD is shown in Figure 3 . Detailed parameters, including the characteristic particle size and other physical properties, are listed in Table 2 . Some of the chemical properties of the iron tailings were analyzed by XRF (X-Ray Fluorescence Spectrometer); the results are listed in Table 3 . The four tailing samples had an average moisture content of 9% and a dry density of 1.38 g/cm 3 . The tailing samples were made into cylinders of Φ100 mm × L200 mm layer by layer in a pressure vessel. To ensure natural contact between the particles, the interface between each pair of tailing layers was scratched with a knife [31] . Each specimen was divided into 5 layers to allow the tailings to be dispersed uniformly. Each layer weighed 472.3 g and was 40 mm thick after being compacted by a pressure plate. Next, the pressure piston was pushed into the pressure chamber with the exhaust valve open until it contacted the specimen. Finally, the exhaust and drain valves of the apparatus were closed. Table 2 . PSD parameters and main physical indexes of the tailings. 
Measurement
A continuous dynamic load was applied by an AG-250kNI material testing machine (Shimadzu Corporation, Kyoto, Japan) at a loading rate of 0.5 mm/min. The maximum axial strain and stress were set to 12%, which is equivalent to 2.5 MPa, according to the apparatus' specifications. During testing, the axial strain and stress were monitored simultaneously, and the micro-structures of the tailings were captured at 5-min intervals. The specific methods used for each sample were as follows:
(1) Installation of the pressure vessel After the pressure vessel was put onto the platform of the AG-250kNI material testing machine, the loaded plate was adjusted, so that it touched the piston pressure head. The microscopic observation device was installed alongside the pressure vessel; the stereoscopic microscope's lens was aimed at the observation window; and the lens' focal length and the image software were adjusted to improve the observations. The complete apparatus, prepared for testing, is shown in Figure 1 .
First, an image of the specimen's micro-structure with a length of 750 μm and a width of 600 μm near the 100 mm mark in the observation window was captured. Next, the drained loading test was performed by the AG-250kNI material testing machine at a rate of 0.5 mm/min with the exhaust hole open. The axial strain and stress were monitored throughout the test. The 3D mobile microscope observation support stand was adjusted to ensure that the lens was focused on the initial micro-structure; images were captured at 5-min intervals. The test was stopped when the axial strain or stress reached the set value.
The tests performed on Samples II, III and IV also followed these steps. The experimental procedure for each tailing sample is shown in Figure 4 . 
Obtaining the Eigenvalues of the Images
Obtaining the approximate perimeter and area of the tailing particles is the key part of this method; it involves three steps: (1) transform the image into a grayscale image; (2) differentiate between particles and pores; and (3) calculate the perimeter and area of the tailing particles. The most important step is choosing an accurate threshold binarization value (eigenvalue) for differentiating between particles and pores to determine an exact D-value that describes the tailings' micro-structure. Because of the intermediate colors in the image, the threshold value should be adjusted to filter out the demitint between particles and pores; the threshold value choice can clearly affect the calculated particle morphology. The CF-2000P polarized light analysis program (Shanghai Changfang Optical Instrument Co. Ltd., Shanghai, China) was used to analyze the images. This software can transform a color image into a grayscale image, obtain the binary image and calculate the approximate perimeter and area of a tailing particle.
Results
Loading Capacity of the Tailings
The loading capacity of the tailings observed by monitoring the axial stress and strain is closely related to the particle size, as shown in Figure 5 . The lateral deformation is restricted in this compression test, which can reveal the stress and strain on the undamaged tailing dam. In general, the axial stresses of the four samples improve as the axial strain increases, and so do their increments. The axial stress of Sample I is smaller than that of the other samples. The axial stress of Sample II is the same as those of Samples III and IV when the axial strain is less than 2.5%. When the axial strain is greater than 2.5%, the axial stress of Sample II is less than those of Samples III and IV, and the difference increases with increases in the axial strain. The axial stresses of tailing Samples III and IV are almost the same when the axial strain is less than 5%; however, when the axial strain is greater than 5%, the axial stress of Sample III becomes greater than that of Sample IV, and the difference increases with the axial strain. In summary, the particle size has a significant influence on the loading capacity of the tailings, which has no obvious regularity when the axial strain is small. When the axial strain reaches a certain value, the loading capacity first increases with the particle size and then decreases slightly. The decrease is apparent at high axial strains, as shown in Figure 6 . 
Fractal Features of the Particle Micro-Structures
The micro-structure of Sample IV without an applied load is shown in Figure 7a . The binary image shown in Figure 7b was obtained using the CF-2000P polarized light analysis software and the method described in Section 3.4. The threshold values were determined artificially as 122 for R (red), 137 for G (green) and 138 for B (blue). The black portion of the image represents the 104 particles (as calculated by the software), and the white portion represents the pores. The approximate perimeter and area of the particles were calculated by the software. Figure 8 shows the relationship between the approximate perimeter and area of the particles in the image. These results indicate that the particles' micro-structure has features typical of fractals, and the D-value of this image calculated using Equation (5) 
Deformation Features of the Particles' Micro-Structure under Load
Taking Sample IV as an example, the image area of the micro-structure was defined by the edges of Particles A and B, as shown in Figure 9 . The 3D mobile microscopy observation support stand was adjusted accordingly, so that it focused on the defined area. The micro-structures of the tailings at axial strains of 2.5%, 5%, 7.5% and 10% are presented in Figure 9 , which clearly reveals that the distances between Particles A and C are 107.36, 91.24, 88.46 and 65.86 μm at these axial strains, respectively, indicating that the micro-structure of the tailings changes significantly under load and that the pore size decreases nonlinearly with increasing axial strain. Furthermore, the characteristics of the particles change significantly: (1) particles rotate under stress, so that their long axes approach the best shear direction [32] , as shown, for example, by the deflection of Particle D; (2) particles are crushed when the axial strain increases, especially particles with high major to minor axis ratios, such as Particle E; this particle crushing may reduce the anisotropic shear strength of the tailings [33] ; and (3) two particles can be combined and viewed as one large particle during the binarization process, as Particles E and F are.
The D-values of the different samples differ significantly. Figure 10 shows how the D-value changes with the median particle diameter. The ranges of the variations in the D-values of Samples I, II, III and IV are 1.533-1.402, 1.445-1.364, 1.428-1.330 and 1.423-1.370, respectively. Under the same axial strain, the D-value first decreases and then increases slightly as the particle size increases. The decrease becomes smaller and the increase becomes larger as the axial strain increases. For instance, the decrease is 6.83%, and the increase is 0.65% when the axial strain is 1.25%; however, the figures change to 3.39% and 3.02% when the axial strain is 11.25%.
The D-values of particles under different stresses are shown in Figure 11 . As the axial stress increases, the D-value gradually decreases at a dwindling rate. In Sample I, for example, the D-values for stresses of 0.212 and 0.268 MPa are 1.451 and 1.461, respectively, the latter of which is an increase of 0.69% compared with the former. It can also be observed that the D-values change irregularly under the high stresses of 0.403, 0.503, 0.599 and 0.730 MPa. Although the change of the D-value is very complex, the general trend between the D-value and the axial stress can be fitted to a quadratic polynomial. The best-fit formulas are shown in Table 4 ) and c are determined experimentally.
Influence of Stress on the PSD of the Tailings
The PSD parameters of the tailings after testing are presented in Table 5 . Comparing with Table 2 , the classifications of the four samples have not changed, but the characteristic particle sizes have decreased to various degrees. For example, the effective diameter, median diameter and control grain size of Sample IV have been reduced from 144.4, 385.8 and 457.4 μm to 98.63, 323.4 and 389.2 μm, respectively, and the value of the effective diameter was reduced by 31.70%. The PSDs of the four samples pre-and post-test are given in Table 6 . The quality percentages of particles smaller than a certain value post-test are greater than the pre-test values for all samples. In Sample IV, for example, the quality percentage of particles <0.25 mm pre-test and post-test are 24.35% and 35.45%, respectively, representing an increase of 45.59%. The quality percentages of particles <75 μm of the four samples increase from 50.17, 13.83, 6.87 and 5.52 μm by 11.54, 11.79, 30.13 and 116.67% to 55.96, 15.46, 8.94 and 11.96 μm, respectively, indicating that the quality percentages of fine tailings increase significantly, and the increase is more obvious for larger particles. This verifies that tailing particles are crushed under stress, and the degree of crushing increases with the particle size. These experimental results agree with the results of experiments on other granular materials [34] . Table 5 . PSD parameters of the tailings post-test. Note: L = soil particle diameter.
Discussion
Tailing particles forming part of a tailing dam are subjected to compressive and shear stresses in the static dam itself and during flow when the tailing dam fails. Under these two stresses, deformations of the tailings' micro-structure could occur, including pore contracture, rotation of the particles' long axes to the best shear direction, particle slippage and particle crushing, as described in Section 4.3 and [35] . Fine tailings have been ground more thoroughly during mineral processing, making them nearly spherical. They can rotate, slip and move with little resistance without being crushed under stress. Conversely, coarse particles, which are much less regular and have high occlusal forces between them, will hardly rotate, slip or move unless they are crushed by the stress [36] . However, the force required to break particles is much greater than that required to rotate them [6] . Generally speaking, the strength of the tailings increases with the particle size [37] , but this conclusion does not include the influence of the crushed particles on the PSD of the tailings in the compression test. However, this test has revealed an interesting result: the structural loading capacity of Sample IV is slightly less than that of Sample III, while the particle size of Sample IV is greater than that of Sample III, as shown in Section 4.1. The results of Section 4.4 show that tailing particles are crushed under stress and that the degree of crushing increases with the particle size, making the content of fine tailings increase observably and reducing the sample's loading capacity significantly.
The fractal dimension, based on the perimeter and area of the particles, is an important parameter for describing the architectural features of the tailings' particle shape, as shown in Section 4.1. Particle shape is widely considered one of the most important factors affecting the behavior of granular soils [38] . It has been proven that the fractal dimension describing the characteristics of the particle shape is significantly related to the strength characteristics of a soil [39] . However, particle breakage has a strong effect on the fractal dimension [40] . In addition, the particles' surface roughness decreases, and their shapes become more regular under shear stress [41, 42] . Therefore, tailing particles become smaller and more regular under compressive and shear stresses, so their fractal dimension should decrease, in theory. In contrast, fine tailings are more hydrophilic due to their greater surface area, and their particles consequently cohere, forming agglomerates. During the process of image analysis, these agglomerates are regarded as a large "particles" with complex irregular shapes and greater D-values. Therefore, the D-value of fine tailings appears greater than that of coarse tailings, as shown by the 0% strain line in Figure 10 . However, the D-value increases slightly with the particle size due to the crushing of coarse tailings under stress (Section 4.4), as is shown by the lines representing strains between 1.25% and 11.25% in Figure 10 . In contrast, the agglomerates are dispersed under stress, and their shapes become more regular, reducing their D-values. However, the amount of agglomeration is limited, causing the decrease of the D-value to slow down as the stress increases, as shown in Figure 11 . This phenomenon is in agreement with the results obtained in non-extensive statistical physics for similar experiments where fractal geometry is present [43] and with results on the planetary scale [44, 45] .
The D-value of the particles' micro-structure not only reflects the characteristics of the PSD and particle geometry, but also represents the influence of pore water on the micro-structure's characteristics. This makes the D-value an important parameter for describing the characteristics of the tailings' micro-structure. Because the loading capacity of the tailings is significantly influenced by the PSD and the geometrical characteristics of the particles and pore water [46] , the D-value has an inevitable internal connection with the loading capacity of the tailings. From the previous discussion, we can easily conclude that the deformation of the particles' micro-structure is well-described by the D-value, and a tailings dam break begins with the deformation of tailings. Therefore, a change in the D-value could be used to predict breaks in the tailing dam. In-depth studies are recommended to determine the mechanism connecting the macroscopic and microscopic mechanics of tailings to offer a reliable and useful approach to understanding the mechanism of tailing dam breaks.
Conclusions
The loading capacity characteristics of four different tailing samples with different particle sizes and the particles' micro-structural features were determined under one-dimensional compression. The tests were performed using a testing apparatus for micro-mechanics and the deformation of tailings. In addition, the particles' micro-structure was analyzed quantitatively using concepts from fractal geometry. The quantitative relationship between the D-value and axial stress was determined, along with the qualitative relationship between the D-value and particle size. Based on these results, the following conclusions can be drawn:
First, the particle size has a significant influence on the tailings' loading capacity, which increases significantly at first and then decreases slightly as the particle size increases. The slight decrease becomes more obvious under high axial strains. In contrast, the tailings' micro-structure changes significantly, and under stress, the particles can not only rotate to align themselves with the best shear direction, but can also be crushed. The latter is particularly true of coarse particles. Therefore, the tailings used for building dams should be made up of coarse particles to the greatest extent possible. The crushing of coarse particles under the pressure of overlying tailings layers is another important factor to consider when a tailing dam's stability is evaluated. The degree of crushing may be related to the formation stress, particle size and mineral properties, and further research should be conducted on the degree of crushing and its influence on dam stability.
Second, the particles' micro-structure is typical of fractals, and the fractal dimensions of the particle perimeter area (D-values) of the four samples under different stresses are between 1.288 and 1.533. The D-value is closely related to the size of the particles in the tailings, and it first decreases and then increases slightly with the particle size. The decrease becomes smaller, and the increase becomes larger as the axial strain increases. The D-value tends to decrease with a few rebounds; the rate of decrease of the D-value dwindles; and the relationship between the D-value and the stress can be modeled by a quadratic polynomial. These results indicate that the D-value is an inherent attribute of the material described in this paper. These findings can effectively reflect the micro-structural characteristics and mechanical properties of tailings, which could contribute to research on the connection between the macroscopic and microscopic mechanics of tailings.
